Abstract. This paper presents contemporary climatic conditions over the years 2000-2014, as well as predictions for climate change up to 2100 in the cases of 6 meteorological stations located in Poland and 6 in Bulgaria. The present climates of Poland and Bulgaria differ markedly in terms of ranges of air temperature, numbers of non-frosty days and sums for active temperatures above 5 and 10°C, though they prove to be similar as regards rainfall totals. In contrast, predictions suggest that climatic differences between the two countries will grow, most especially as a consequence of the forecast reduction in precipitation totals for Bulgaria.
Introduction
As evident climate change is ensuring increased interest in climate, including among ordinary people, there is a justification for comparing the current and future states of climate, and presenting climatic conditions likely to be encountered -now and in the future -by such a person travelling between Poland and Bulgaria. Such predictions of future climate are important if strategies for adaptation to climate change are to be developed, above all in agriculture. This reflects the great impact on agriculture likely to be exerted by inevitable changes in air temperature, and especially rainfall patterns. An essential strategy is thus, for example, for agriculture to adjust to fewer days with rainfall, and to precipitation totals in the 21 st century that are lower than those reported in the 20 th .
While climate change is in fact a significant, emerging threat to all sectors of the economy, worldwide (WHO/WMO 2012), it is agriculture that (aside from public health) is regarded as one of the sectors most vulnerable to climate change. And, while agriculture, forestry and other land-uses of this kind are responsible for just under a quarter of anthropogenic greenhouse gases emissions (from livestock, the soil and nutrient management), these activities also obviously suffer most where precipitation totals and patterns become subject to change (Smith et al. 2014) . Successive reports of the Intergovernmental Panel on Climate Change (IPCC) (Watson et al. 2001 , Field et al. 2012 ) present many possible variant scenarios for climate change and its effects, albeit now classified to 4 different groups of climate scenario: A1 -describes a future world of very rapid economic growth, global population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies, A2 -describes a very heterogeneous world, B1 -describes a convergent world with the same global population, B2 -describes a world in which the emphasis is on local solutions to economic, social and environmental sustainability. In the most often studied group A1 three A1 groups were distinguished by their technological emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a balance across all sources (A1B) (IPCC 2007) .
The last report saw use made of the so-called Representative Concentration Pathways (RCPs) to make projections on the by reference to 4 pathways of GHG emissions in 21 st century and atmospheric concentrations, air-pollutant emissions and land use. The RCPs are: a stringent mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5 and RCP6.0) and one scenario with very high GHG emissions (RCP8.5) (IPCC 2014) . The RCPs are not in fact a complete package of socioeconomic, emission and climate projections, but rather internally-consistent sets of projections of the components to radiative forcing used in successive phases of climate modelling. RCP6.0 is closest to A1B.
Where a climatic comparison between Poland and Bulgaria is concerned, latitude is not the only differentiating factor, given that Poland is predominantly a lowland country in which mountains are confined to its far south. 75.1% of Polish territory lies below 200 m a.s.l., while just 3.1% is above 500 m a.s.l. Furthermore, Poland is also a meeting-point for maritime and continental climatic influences. In contrast, Bulgaria is much more highly-differentiated geographically, given the presence of high Balkan Mountains across the country, with the Rila and Rhodope Mountains located in the south. This effectively splits the country into distinct northern and southern parts. Overall, lowlands account for just 31.4% of Bulgarian territory, while highlands and mountains above 600 m a.s.l. are present over 27.6% (Alexandrov 1997) . This all ensures that a country only about one-third the size of Poland actually experiences far greater differentiation of climate. This paper therefore compares Poland and Bulgaria in regard to the climate characteristics of greatest importance to agriculture, with account taken of observations for the years 2000-2014, as well as predictions for climate change up to the year 2100, in the cases of 6 meteorological stations located in each of the countries.
Material and methods
The current state of the two countries' climates was analysed on the basis of the data derived from National Climatic Data Center of the NOAA, in regard to the years 2000-2014. These related to daily mean, minimum and maximum air temperatures, precipitation totals, numbers of days with precipitation and days with snow cover. In each country the selection of 6 meteorological stations was made with a view to the whole area of each and their different geographical regions being represented. In Poland the stations were: Białystok, Cracow, Poznań, Szczecin, Warsaw and Wrocław; while in Bulgaria: Plovdiv, Sandanski, Sofia, Varna, Vidin and Veliko Tarnovo (Fig. 1 , Tab. 1). Current climatic conditions in the two countries were to be presented through calculation of:
• mean monthly air temperature;
• numbers of non-frosty days -with a minimum air temperature above 0°C;
• numbers of days exceeding the particular thresholds of daily mean air temperature of 5 and 10°C, as connected with the potential crop growing season in Bulgaria (Alexandrov 1997);
• sums of 'active temperatures' (Gulinova 1974 , Bac & Rojek 1999 above 5 and 10°C (given that cumulative totals for temperatures above given thresholds are assumed in agroclimatology to measure warmth plants need to grow, with the crossing of such thermal thresholds marking the onset of phenological phases and with the essential condition for growth regarded as the proper sum of effective temperatures with defined solar conditions, each a little different from one species to another, and with crop growth in both Poland and Bulgaria most determined by the sums of daily temperatures above 10°C) mean monthly and yearly precipitation totals;
• mean numbers of days with snow cover. The prognoses for 2040, 2060, 2080 and 2100 were made using METEONORM, the Global Meteorological Database -version 7. In METEONORM, the statistical temperature data resource accessible to the generation process was created for approximately 8000 stations using the Globalsod data prepared by the US National Climatic Data Centre (NCDC) for the 10-year period 1996-2005. The worldwide total is of 4951 stations for which all monthly data are available. Data for nearest stations are used to supply interpolated values.
Predictions concerning temperatures and precipitation totals were based on the aforementioned A1B scenario (Watson et al. 2001) . The A1 family of scenarios describes a future world of very rapid economic growth, with global population peaking in mid-century and declining thereafter, and with a rapid introduction of new and more efficient technologies. Major underlying themes are convergence among regions, capacity building, and increased cultural and social interactions, with a substantial reduction in regional differences in per capita income. The A1B scenario assumes a balance between fossil and non-fossil energy sources, with CO 2 emissions in decline by 2100.
In general, days with precipitation are reproduced quite well by METEONORM. Tests show that days with precipitation are rendered precisely. The calculations are fitted to monthly means, rather than yearly means, but even yearly sums correspond more or less with input values. However, it is typical for calculated maximum daily sums and numbers of hours with precipitation to be on the low side. Nevertheless, the deviations and different magnitudes characterising precipitation under different climates are clearly observable and much more difficult to forecast than air-temperature characteristics.
Results

Current climate
In presenting and comparing climatic conditions in Poland and Bulgaria, use was made of the Köppen-Geiger classification, as adapted by Peel et al. (2007) (Fig. 2) . The meteorological stations selected represent either cold or temperate climates, and, according to the Köppen-Geiger classification, with all the Polish stations being 'cold', with a dry season lacking and with a warm summer, even if secondary features of climate are found to differ. The Bulgarian climate is far more differentiated, with four 'cold-climate' stations (of which three are similar to their counterparts in Poland, while the fourth (Sandanski) is of the 'hot summer+dry season' type. That leaves two Bulgarian stations characterised by a temperate climate and summers that are either warm (Vidin) or hot (Varna) (Tab. 1). T hot -average temperature of the hottest month, T cold -average temperature of the coldest month, P sdry -precipitation totals for the driest month. Source: Peel et al. 2007. In Poland mean annual air temperature for the period 2000-2014 inclusive ranges from 7.6°C in the north-east (Białystok), 8.9°C in Cracow and Warsaw, 9.0°C in Szczecin, 9.5°C in Poznań up to 9.8°C in the south-west (Wrocław). The coldest month is January, with negative temperatures in all cities. However, mean monthly air temperatures below zero occur in the whole December-February period, in the cases of Białystok, Cracow and Warsaw. July is markedly the warmest month, though even then it is only in Warsaw that the mean monthly air temperature exceeds 20°C (Fig. 3) .
The mean annual air temperature in Bulgaria ranges from 10.9°C in Sofia, through 11.7°C (Veliko Tarnovo), 12.0°C (Vidin), 12.5°C (Varna) and 12.8°C (Plovdiv), up to 14.5°C at Sandanski in the south-west. The coldest month is again January, albeit with minus temperatures at just three stations situated in the northern and central parts of Bulgaria (i.e. Sofia, Veliko Tarnovo and Vidin). The warmest months are in turn July and August, with average temperature reaching 26.2°C in Sandanski. Equally, a mean air temperature of 20°C is exceeded across the entire June-August period, at all of the Bulgarian stations except Sofia (Fig. 3) .
Frost-free days are a very important environmental factor, given that crossing of the 0°C barrier denotes freezing and thawing of natural and artificial liquids, with this playing a great role in the whole natural and anthropogenic environment. Changes in frost-free seasons influence phenology, the life-cycles of insects and hence outbreaks of pests. This is important, not only for agriculture, horticulture or forestry, but also in such other sectors of the economy as building and road construction, transport, or the heating industry, especially in high-latitude regions. A change in the number of frosty days would demand adaptation to new crop species and new plant protection agents, as well as denoting a lengthening of the construction season (Bielec-Bąkowska & Piotrowicz 2011).
Numbers of frost-free days at the different stations in Poland do not differ very markedly, given the figure of 234.6 for the north-east (Bialystok), as compared with around 260 days in the west, and a peak of 263.7 noted for the Poznań station (Fig. 4A) . In Bulgaria, the range is greater with Sofia's rather low total of246.9 frost-free days comparing with the 253.7 days at Veliko Tarnovo, which is situated in a valley favouring the occurrence of frosts. With their lowland locations, Vidin and Plovdiv report 273-279 days without frost, while the figure for the Black Sea coast is 287.6 days and that for Sandanski 313.8 (Fig. 4B) . A further characteristic of climate of importance to agriculture is the number of days below or above the aforementioned 5°C and 10°C thresholds (Tab. 2). The crossing of the 0, 5 and 10°C thresholds are regarded as important for growing plants. The proportions for these different categories of day in Poland and Bulgaria are found to differ significantly. In Poland, the numbers of days in the year with a mean daily air temperature below or equal to 5°C are in the range 111 in the south-west, to 144 in the north-east, or some 30-39% of the days in the year. The number of days with temperatures in the 5-10°C range is 61 in the south-west, as compared with 75 close to the Baltic coast (i.e. 17-20% days of a year). Finally, days with a mean temperature above 10°C number 160 in the north-east, i.e. the most continental part of Poland, as compared with 185 in Wrocław, which is within one of Poland's warmest regions. These are thus figures representing 44-51% of the days in the year.
The situation for these thresholds is rather different in Bulgaria, as days with a mean daily air temperature below or equal to 5°C range from 62 in number in Sandanski in the south-west, up to 103 in Sofia (this is therefore some 17-28% of the days in the year). In turn, days with a temperature of between 5 and 10°C prove to be similarly frequent to in Poland (accounting for 15-18.5% of the days of the year). That leaves a very marked difference between the countries when it comes to days with a mean temperature above 10°C. There are 206 such days a year in Sofia, and as many as 241 of them in Sandanski; with these figures equating to between 56 and 66% of the days in a year) (Tab. 2). The sums for daily temperatures above 5°C and 10°C determine the growth of most plants and are called active temperatures. In Poland, summed active temperatures above 5°C range from the 1898 reported for Białystok to almost 2337 in the case of Wrocław (Fig. 5A) . In Bulgaria, even the lowest figure -for Sofia -is far higher at 2766, while the highest reported figure is of no less than 3718, in the case of Sandanski (Fig. 5B) . The sums for temperatures above 10°C are shown to deviate from 946 to 1231 in Poland. In these terms, the readings for Bulgaria again start above the highest total recorded for Poland, ranging between 1598 and 2348. Figure 6 . makes the difference between the two countries plain. Precipitation in Poland and Bulgaria differs significantly in terms of the yearly course, and slightly where the totals are concerned. The Polish July is a month with distinctly highest precipitation (at over 80 mm, with even 108 mm in Cracow). In other summer months the rainfall totals are lower (at about 60-70 mm). In turn, the lowest precipitation totals are those noted through the February-April period. The differences between, for example, Wrocław and Szczecin, are seen to clear, if not very large. Only Cracow stands out in this respect, with precipitation totals higher than in the rest of Poland noted from March through to July in a manner somewhat reminiscent of the annual course of rainfall noted for Bulgaria. Annual totals for precipitation in Poland, as reported at the beginning of the 21 st century ranged between 562 mm in the case of Poznań and 589 mm n Warsaw, to the 681 mm characterising Cracow (Tab. 3).
The yearly course in Bulgaria is flatter, with small changes between successive months, even if differences between regions are much greater than those noted in Poland. Precipitation totals in fact range from the 521 mm noted for Varna on the Black Sea coast, to over 700 mm in Veliko Tarnovo in the Balkan Mountains (Fig. 7) . Highest precipitation is on average noted from May to July and in August. In May, Veliko Tarnovo's rainfall reaches 90 mm, while Sofia has 76 mm and Varna just 39 mm. At the remaining Bulgarian stations, precipitation is in the 55-57 mm range. In contrast, the June rainfall totals for Sofia and Vidin are similar (at ca 75 mm), while Sandanski reports just ca 45 mm. Each station thus has a quite distinct precipitation pattern: Sofia with its highest rainfall at the beginning of summer and its lowest in winter; Vidin with its peak rainfall in June and July, a lower total in August and then higher levels again in autumn; and Sandanski resembling Varna though with much lower sums overall, if with the former having highest (56 mm) rainfall in May and October and the latter mainly experiencing rain in October, September and December. As Veliko Tarnovo is characterised by distinctly higher precipitation in May and September, it is clear that it is only in October that all the Bulgarian stations report similar totals for precipitation (Tab. 3). The last climatic characteristic analysed in the course of the work described here is the number of days with snow cover, which is found to separate Poland and Bulgaria in a quite striking way. While the maximum snow-cover period is similar in the two countries, extending from October to April in Poland (though from November to April in Poznań and Szczecin); as well as from November to March (in the south and east to February) in Bulgaria. However, while the mean number of days with snow cover annually in Poland ranges from 30 by the Baltic Sea to 76 in the most continental north-east of Poland (Fig. 8A) , the figures for Bulgaria are as low as 15 in the case of Sandanski, through with 27 reported for Varna and as many as 56 for Sofia (Fig. 8B) . 
Future climate
According to the last IPCC report, the change in average surface temperature and precipitation for the years 2081-2100 as compared with 1986-2005 will be large when set against the natural internal variability (IPCC 2014) . In line with different RCPs applied to Poland, the average rise in surface temperature is projected to amount to between 1-1.5°C (RCP2.6) and 4-5°C (RCP8.5), while average precipitation levels will either remain the same or increase by up to 10%. Corresponding figures for Bulgaria are of between 1-1.5°C and 5-7°C, albeit with a 10-30% decline in average precipitation.
The calculations made for this paper were based on the A1B scenario. According to these, the coldest city in Poland will see an increase in the annual mean air temperature of 2.9°C to 10.5°C by 2100, as compared with a rise of 2.1 to 11.9°C in the case of the country's warmest city. Hence, the anticipated rise in mean air temperature could be of 38% in the north-east and of just 22% in the south-west (Fig. 9A) . In Bulgaria, in turn, the mean air temperature characterising Sofia is predicted to grow from 11.0°C today to 13.9°C, while that for the warmest station will rise from 14.5°C now to 17.8°C at the end of the 21 st century. In percentage terms, this in fact denotes a smaller rise in mean annual temperature than in Poland: by 23% in Sandanski and maximally by 30% in Veliko Tarnovo (Fig. 9B) . The minimum air temperature is predicted to rise from 2.8°C to 5.9°C in Białystok and from 4.8°C to 7.4°C in Poznań (Fig. 10A) . In Bulgaria, the minimum air temperature will end up much higher, with values predicted to grow from 4.9°C to 8.7°C in the case of Sofia, and from 9.2°C to 12.8°C in the warmest locality of Sandanski (Fig. 10B) .
In turn, values for maximum air temperature are forecast to rise from the 12.1°C reported for the 2000-2014 period to 14.9°C by the end of the 21 st century in Białystok and from 14.4°C to 16.4°C in the case of the relatively warm Wrocław (Fig. 11A) . Maximum air temperatures in Bulgaria could in turn rise from 17.1°C to 19.3°C in Sofia and from 21.0°C recently to 23.0°C in the case of Sandanski (Fig. 11B) .
It is the minimum air temperature that is forecast to rise markedly during the 21 st century, rather than the maximum. Especially spectacular is the rise predicted for Białystok, which is in Poland's coldest region. The rise here could even be of 113% compared with now (i.e. more than double). The percentage rises anticipated for the remaining Polish cities range from 55% in the case of the relatively warm Poznań to 74% in the quite-cold Cracow (Fig. 12) . In turn, the percentage rises forecast for minimum air temperature in Bulgaria up to the end of 21 st century as compared with now could range from the 39% predicted in the case of Sandanski to the 86% anticipated for Veliko Tarnovo (Fig. 12) . This means that it is the coldest areas in each of the countries studied that are expected to see the most marked increases in temperature, while the rises of this kind will be smallest in what are already the warmest parts. The rises predicted for maximum air temperature are significantly more limited, if with the same pattern again duplicated, in that the most marked rises are foreseen for the coldest parts of each country. In Poland, these values reach 14% in the case of Wrocław, 23% in Białystok. Consistently, the rises forecast for Bulgaria are smaller, at between 10% in the case of Sandanski and 15% in those of Veliko Tarnovo and Vidin (Fig. 13) . Precipitation is a meteorological element of a non-continuous nature that proves very variable both temporally and spatially and hence very hard to predict. The forecasting of precipitation is thus burdened by greater uncertainties than that involving air temperature, and different models give rise to quite dissimilar outputs (Hawkins & Sutton 2011 , Shield & Dai 2015 . While reference to a longer time series of input data would most likely help reduce this source of uncertainty, and improve the overall quality of output data, the METEONORM series of input data is indeed short (covering the 1996-2005 period) . This part of the paper must thus be seen as the most dubious. In fact, the precipitation totals forecast for Poland are similar to those being noted at present. By 2100, forecast totals in central and north may be slightly (2-6%) below those recorded today, while those in the south and north-east are forecast to be 2-10% higher. The most marked change is predicted for Wrocław (Fig. 14A ). In the case of Bulgaria, the prognoses are much less favourable. All areas are expected to experience major declines in precipitation totals, with Veliko Tarnovo and Sandanski receiving up to 35% less precipitation than they do at present. However, the situation in absolute terms could be especially difficult in the case of Sandanski, given that its annual precipitation could be as low as 350 mm by the end of the century. Such values today being associated with desertification (Fig. 14B) .
While forecast precipitation totals for Poland and Bulgaria are seen to differ greatly, the picture as regards the forecast numbers of days with precipitation resemble one another. Both countries are expected to experience a significant fall in the numbers of days with precipitation: from 154-168 days noted now to 93-108 days by the second part of the 21 st century, in the case of Poland (with falls in the range between the 33% predicted for Białystok and the 42% anticipated for Warsaw); and from the 92-143 days observed at present in Bulgaria, to just 57-87 days (and this representing declines between 25% in Sofia and a massive 52% in the case of Plovdiv) (Fig. 15) . Overall, this means Poland receiving a similar amount of precipitation, if on fewer days (and hence more intensive precipitation events). In contrast, Bulgaria will experience declines in both the numbers of days on which precipitation falls and the total amounts received. This therefore denotes a clear threat to agriculture and the economy in Bulgaria.
Conclusions
The rise in annual mean air temperature forecast to the end of the present century is more limited in Bulgaria's case than that of Poland, even if the values characterising the former country are obviously higher. Poland's forecast rise in minimum air temperature is expected to be 3.5-4.9 times as high as that characterising maximum air temperature, with that characterising Bulgaria being 3.3-5.9 times as great. The most marked rises in air temperature are predicted for the coldest areas in each country, while the smallest increases should occur in parts that are already identified as the warmest.
'On paper' comparisons for numbers of frosty days and for precipitation totals reveal much better conditions for agriculture in Bulgaria (especially its central and northern parts) than in Poland. However, the facts fail to support the theoretical contention, given that Poland was the EU's 6 th most important producer of food, and indeed a major exporter, as of 2014. 30% of the food produced in Poland is in fact exported, mainly to Germany. Despite its much better conditions, Bulgaria produces only one-third as much grain as Poland, and only one-seventh the weight of tomatoes. In turn, where apples, cattle and pork are concerned, Poland respectively produces 58, 60 and 32 times as much (Eurostat 2015) . These figures show what a poor state Bulgarian agriculture is in, making it clear which importing food has proved a necessity for the country.
While precipitation totals in the two countries are similar at present, with some Bulgarian stations even receiving more precipitation than their Polish counterparts, the forecast is for the two to diversify markedly as the 21 st century goes on. This reflects the fact that, while Poland's precipitation totals are forecast to decline only slightly, Bulgaria is expected to experience a huge drop in both precipitation totals and the numbers of days on which precipitation is recorded. Desertification could worsen an already poor situation and force Bulgarian agriculture to use costly technologies to grow crops.
Concluding, it can be noted that changing climate will necessitate changes in many economic sectors, but most especially in the agriculture practised in both Poland and Bulgaria. Nevertheless, the predictions are more alarming where Bulgaria is concerned. From the economic point of view, some compensatory solutions might be found through development and improvement of the level and range of Bulgaria's offer where tourism is concerned, especially given the unstable political situation in the Mediterranean region.
